The presence of heavy metals released from industrial activities into water streams is an ever-growing challenge to ensuring a safe and clean aquatic environment. Detection and determination of the levels of these heavy metals in wastewater is an important step before any measures can be taken. In this study we report on a fluorescent sensing probe based on a naphthyl azo dye modified dibenzo-18-crown-6-ether (DB18C6) for the detection and determination of mercury (II) ions in water. The probe showed high sensitivity and selectivity towards the mercury (II) ion among various alkali, alkaline earth, and transition metal ions. The mercury (II) ion quenched the fluorescence of the probe. Stern-Volmer quenching constants (K sv ) were found to be highest for Hg 2+ ion at 1.18 x 10 5 M -1 compared to 3.85 x 10 4 M -1 for copper (II) ion. The stoichiometry of the sensormetal ion interaction was found to be 1:1 for both metal ions using Job plots. The detection limit for Hg 2+ was 1.25 x 10 -8 M. The dye modified crown ether was then used to detect mercury in a water sample from a coalfired power plant and to determine the amount of mercury in the water sample.
INTRODUCTION
The detection of heavy metals in polluted environments is an ever-growing concern and is the subject of ongoing research in various research groups. Of the toxic heavy metals, mercury is one of the highly toxic, leading to diseases such as acrodynia (pinks disease), Hunter-Russell syndrome and Minamata disease (Fujiki and Tajima, 1992; He et al., 2009; Kudo et al., 1988) . Health problems associated with mercury are made worse due to its accumulative and persistent nature in the environment and in living organisms. Mercury is released into water by industrial processes such as coal burning and natural causes like volcanic eruptions (Yari and Papi, 2009) . South Africa has been reported as the second highest emitter (50 t•year -1 ) of Hg in the world, after China (Pacyna et al., 2006) , even though later estimates dispute this high emission rate and place emissions in the range of 2.6-17.6 t•year -1 (Dabrowski et al., 2008) . South Africa is the third-largest coal producer in the world, with coal accounting for 64% of SA's energy supply. Electricity generation is responsible for 61% of total coal combustion. About 93% of SA's electricity is produced from coal-fired power plants (Dabrowski et al., 2008) . South African coal Hg content ranges from 0.04 to0.25 mg . ℓ -1 . This extensive use of coal in electricity generation means large amounts of Hg are released annually into South African water and the atmosphere.
There are existing methods for the determination and detection of Hg 2+ ions, including atomic absorption spectroscopy (AAS) (Martinis et al., 2009) , inductively coupled plasma spectroscopy (ICP) (Passariello et al., 1996) , molecular absorption spectroscopy (Yang et al., 2010) and electro-analytical techniques (Abu-Shawish, 2009; Khani et al., 2010) . While these methods are well established, they often require significant sample preparation and expensive laboratory-based instruments. Recent analytical interest in optical methods such as fluorescence spectroscopy could offer alternative rapid methods for metal screening in the field.
Fluorescent chemosensors have received a lot of attention due to their high sensitivity, selectivity, simplicity, low cost instrumentation and field-work applicability (Kondo et al., 2011; Moczar et al., 2010) . The design of these chemosensors for metal ion detection often consists of a receptor ligand (such as crown ether) and a fluorophore, often naphthyl, anthracene or pyrene groups, as the signalling unit (Chen et al., 2009; Fakhari et al. 1997; Hsieh et al., 2009 ). The basis of detection is often the photo-induced charge transfer (PET) effect, that is, the electron transfer between the receptor part and the fluorophore when a metal ion is bound, which results in the quenching of fluorescence. In our previous work we reported on a fluorescent chemosensor bearing an azo dye modified cyclodextrin for the sensing of chlorophenols (Ncube et al., 2011) . Fluorescent mercury (II)-selective chemosensors, bearing a crown ether moiety as the metal ligand and a fluorophore for signalling, have been documented (Guo et al., 2004) , and those that show simultaneous response to both mercury (II) and copper (II) or mercury (II) and lead (II) (Kiwan et al., 1997) have also been reported. Improvement of these chemosensors in terms of selectivity, sensitivity and lower detection limits remains a challenge, hence the need to design new ones.
These sensors have found a wide range of application, including detection of metal ions in water (Yari and Papi, 2009) , in biological media (He et al., 2009) and in organic media (Hsieh et al., 2009) . The difficulty in selectively detecting heavy metals in water is their high water of hydration and the fact that most fluorescent probes are quenched by several metal ions (Guo et al., 2004 176 metal ion. In this work we report on a naphthyl azo dye modified dibenzo-18-crown-6 ether as a potential fluorescent probe for the selective detection of mercury (II) in aqueous media, and in water samples collected near a South African coal-fired power station, where mercury is likely to be released in large quantities.
EXPERIMENTAL

Materials and apparatus
All reagents and solvents were obtained from Sigma-Aldrich (Germany) unless otherwise stated. Reagents were analytical grade and were used without further purification. Absorption spectra were recorded on a Shimadzu UV-2450 UV-VIS Spectrophotometer at room temperature. Fluorescence measurements were done on a Perkin Elmer LS45 Fluorescence Spectrometer with excitation and emission slit widths of 10.0 nm, respectively, a scan speed of 150 nm•min -1 from 200 nm to 650 nm, and an excitation wavelength of 355 nm. Infrared spectra were taken on a Perkin Elmer Spectra100 ATR-FT-IR Spectrometer whereas 1 H-and 13 C-NMR spectroscopy was performed using a 400 MHz Bruker Avance Spectrometer. CHNS elemental analysis was done on an elemental analyser. Mass spectra were recorded on a Waters Synapt G2 ESI-MS instrument with calibration performed using sodium formate.
Synthesis of naphthyl-azo modified dibenzo-18-crown-6 ether 5
The azo dye modified dibenzo-18-crown-6 fluorophore was synthesised according to previously reported methods (Grebenyuk et al., 2000; Pandya and Agrawal, 2002) with slight modifications. Starting from DB18C6 (1) (1.054 g, 2.9 mmol) the first step was nitration, then reduction and finally diazo coupling with β-naphthol (4) to give the final product (5) (Fig. 1) 133.65; 132.40; 129.80; 129.32; 128.49; 128.07; 127.69; 127.50; 126.99; 126.59; 123.58; 121.30; 119.51; 118.33; 113.97; 68.10; 70.50 , Sr 2+ and Ca 2+ were prepared in Titrisol aqueous buffer solution (pH 7). The DB18C6 naphthyl azo dye stock solution of 0.1 mM was prepared in 1:1 MeOH/H 2 O solution since the dye was not completely soluble in water.
• Test solutions: 4 mℓ of the dye stock solution and 0.5 mℓ of the metal stock solution was added to 13 separate test tubes. The test tubes were then shaken for 1 h before fluorescence measurements were taken. ) were added and a fluorescence spectrum was taken after each addition. The volumes added corresponded to metal ion concentrations in the range 0 to 3 x 10 -3 M.
Water sample
The water sample was collected from a stream next to a power generation station in Johannesburg. The pH and conductivity of the sample were taken using a pH meter. The dissolved organic content (DOC) of the water sample was determined using a total organic carbon (TOC) analyser (Teledyne Tekmar, TOC fusion). Samples were first filtered through a 0.45 μm membrane filter to remove any suspended solids. The sample was then digested using nitric acid to remove all dissolved organics before the concentrations of selected metal ions were determined by inductively coupled plasma optical emission spectroscopy (ICP-OES).
RESULTS AND DISCUSSION
Synthesis and characterisation of the sensor molecule
The dye sensor molecule was characterised by UV-Vis spectrophotometry, FT-IR, 1 H-NMR, 13 C-NMR, ESI-MS and elemental analysis. The UV-Vis absorption spectrum (1.0 mM in ethanol/water 1:1 mixture) is shown in Fig. 2(a) ; Fig. 2(b) gives the fluorescence emission spectrum of the dye. The dye had a maximum absorbance at 380 nm and a fluorescence emission maximum at 432 nm.
From the FT-IR spectrum (Fig. 3) of the dye sensor molecule the appearance of the OH-stretching band at 3 265 cm -1 , along with the C-O-C stretch around 1 241 cm -1 confirmed the formation of the dye containing the crown ether and the naphthyl part. Further characterisation using 1 H-NMR (Fig. 4 ) and 13 C-NMR (Fig. 5) confirmed the structure of the dye.
The calculated molecular mass of the dye sensor from the proposed structure in Fig. 1 is 530 .58 g•mol -1 . This was confirmed from the mass spectrum of the product (Fig. 6 ) with the appearance of peaks at m/z = 531 corresponding to the [M + 1] + ion and the peak at m/z = 553 due to the [M + Na] + ion, from the sodium used in the electrospray ionisation (ESI) method to obtain the spectrum. The fragmentation pattern seen in the spectrum was also consistent with the proposed structure, notably the peak at m/z = 383 corresponding to the fragment [DB18C6 + Na] + ion. From the calculated molecular mass the percentage composition is 
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( Fig. 7) . It was observed that in a mixture of methanol and water the dye gave the highest absorption and a well-defined absorption maximum, whereas a broad absorption band was seen with, for example, DMF. A 1:1 mixture of methanol and water was therefore chosen as the solvent for the rest of the analyses.
The absorption spectrum of the DB18C6-dye was not changed by the addition of metal ions. The sensing of metal ions by the dye was therefore studied by fluorescence spectroscopy. The fluorescence spectrum of the dye in a 1:1 MeOH/ H 2 O solution is shown in Fig. 2(b) .
The emission spectra of the DB18C6-dye in the absence and presence of 14 different metal ions (Ag ) were recorded separately and plotted on the same axes (Fig. 8) . Addition of Hg 2+ ions (1.0 mM) resulted in the greatest quenching of fluorescence of the DB18C6-dye (75%) while other metal ions resulted in only slight quenching or slight fluorescence enhancement, except for Cu 2+ (45%) and Pb 2+ (30%) (Fig. 9) . Changes resulting from all other metals were insignificant (all <6%) compared to a 75% quenching for Hg 2+ ions. Interference in the sensing of Hg 2+ ions could therefore only be expected from Cu 2+ and Pb 2+ when using the proposed sensing probe, and similar observations have been previously reported for similar types of sensing materials (Hsieh et al., 2009; Hu et al., 2010) . It is therefore important to ensure that levels of Cu 2+ and Pb 2+ are low in a water sample when applying this sensing method. 
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In Fig. 8 it can be seen that in the presence of Hg 2+ ion, in addition to fluorescence quenching, there was also a red shift of 29 nm, from 432 nm in the absence of Hg 2+ to 461 nm after 1.0 mM Hg 2+ was added. This shift can be attributed to the effective change in the conjugation of the crown ether as a result of its complexation with the Hg 2+ ion (Yari and Papi, 2009). The shift suggests that the interaction between Hg 2+ and the dye involves the transfer of electrons between the excited naphthyl fluorophore and the metal ion-crown ether complex (Hsieh et al., 2009) . For all the other metal ions only insignificant shifts (+ 3 nm) were observed, except for Cu 2+ which resulted in a 15 nm red shift (see Fig. 8 ), confirming significant complexation of Cu 2+ with the probe and therefore possible interference.
Titration experiments
To gain further insight into the interaction of the dye with the metal ions, titration experiments were carried out. Hg
2+
and Cu 2+ were chosen as they gave the highest fluorescence quenching.
Figures 10 and 11 show the titration results for Hg 2+ and Cu , while even after adding a 30-fold concentration of Cu 2+ (3.33 x 10 -3 M) there was only a 50% fluorescence quenching. This shows great sensitivity of the dye towards Hg 2+ ions. Figure 6 shows that for mercury a very high level of quenching is reached at very low concentrations of Hg 2+ compared to Cu 2+ , demonstrating greater sensitivity towards the former. The lowest detectable amount of Hg 2+ ion was determined from the titration plots to be 1.25 x 10 -8 M. This limit compared favourably to similar types of sensing materials (Table 1) .
Binding constants and stoichiometry of interaction
The binding constants (K sv ) for the interaction of the Hg 2+ and Cu 2+ with the dye material were determined from Stern-Volmer Plots. The constants were calculated using the Stern-Volmer equation (Keizer, 1983) : 
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From the plot (Fig. 13) , the slopes of the linear fits gave Stern-Volmer quenching constants of 1.18 x 10 5 M -1 and 3.85 x 10 4 M -1 for Hg 2+ and Cu
2+
, respectively. The three-fold higher constant for Hg 2+ suggests that a much stronger complex is formed between the Hg 2+ ion and the crown moiety of the DB18C6 dye, as compared to the Cu 2+ complex. The binding constants are comparable to those reported elsewhere (Hsieh et al., 2009; Hu et al., 2010) , confirming that an Hg 2+ •DB18C6-dye complex had indeed been formed (Table 1) .
To determine the stoichiometry of the complexation process between the metal ions and the dye ligand, Job plots were made (Fig. 9) . In the plots the x-axis is the mole fraction, the ratio of the concentration of the metal ion to the total concentration of the dye and metal ion. The total molar concentration of the dye and metal ion were kept constant at 1.00 x 10 -4 M. The stoichiometry of the complexation process is obtained from the plot by noting the mole fraction that gives the maximum fluorescence response (Chen et al., 2013) . From Fig. 14 ions can be attributed to the reverse photo-induced electron transfer (PET) mechanism involving electron donation from the excited naphthyl azo fluorophore part to the metal ion complexed crown ether receptor part (He et al., 2009) as illustrated in Fig. 15 . Before the addition of Hg 2+ ion, excitation of the fluorophore with UV radiation (355 nm) resulted in the emission of red light (432 nm). After the metal ion had been added, the excited electron from the fluorophore was transferred to the metal-bound crown ether part which acted as an electron acceptor resulting in no fluorescence being observed (Fig. 15 ). This mechanism was further supported by the fact that no change in the absorption spectra was observed, meaning that the quenching could only be due to the interaction between the fluorophore in the excited state as the donor and the bound metal ion as the acceptor (Motoshiya et al., 2008) .
Interference from other metal ions
To investigate interference from other metals on the fluorescence quenching of the dye by Hg 2+ , all metal ions were added to the dye solution except Hg 2+ . In the absence of Hg 2+ fluorescence quenching was only about 40% (Fig. 16) , most of which could be attributed to Cu 2+ ions. In the presence of Hg
2+
, however, a significant quenching was observed, even in the presence of the other metals. This should provide a means for detecting Hg 2+ in solution, based on the decrease in fluorescence even in the presence of other interfering ions.
ANALYSIS OF REAL WATER SAMPLE
The proposed sensing probe was tested on an industrial water sample obtained from a power generation plant that uses coal, with a high probability of mercury release into both the atmosphere and water. The physical properties and concentrations of selected metal ions in the water sample as collected are shown in Table 2 .
Dissolved organic content was found to be 4.82 mg•ℓ -1 (Table 2) and so the water sample was first digested with concentrated HNO 3 to remove any organic species that could interfere with the fluorescence analysis. The concentration of metal ions in the water sample were so low that they would not be expected to interfere with the method, since, from Table 3) .
The concentration of mercury (II) in the industrial sample was found to be 1.64 x 10 -6 M (0.33 mg•ℓ -1
) and this was confirmed by ICP-OES. Furthermore the determination of spiked water samples produced results which were in agreement with the well-established ICP method ( Table 2 ). The presence of other metals ions at concentrations shown in Table 2 , therefore, showed no interference with the method, since the amount of Hg 2+ was determined to a high degree of accuracy in comparison to the ICP method.
CONCLUSION
A simple sensor molecule was synthesised, characterised and used for the fluorescent detection of Hg 2+ ions. Its applicability in actual samples showed that the molecule can be used for the detection of Hg 2+ as a simple measure for determining water quality. The results reported show the photo-induced electron transfer (PET) resulting from the complexation of Hg 2+ with a crown moiety of a crown-ether modified azo dye. The dye can be used as a probe for selective mercury (II) ion detection in water samples. The dye is easily prepared, has a low detection limit, is sensitive and has a rapid response time. No interference effects of other metal ions commonly found in water were observed in the response of the dye to mercury (II) ions. The dye was successfully used to detect Hg 2+ ions in an industrial water sample and to determine the amount of mercury in the samples. The probe dye material can be attached or mixed with other materials for incorporation into sensing devices. 
